During large magnetic storms, wind disturbances produced by auroral phenomena can affect the whole thermospheric circulation and associated ionospheric dynamo currents for many hours after the end of the storm. This paper presents a morphological analysis of the ground magnetic field disturbance related to the storm winds observed on March 23, 1979, the day after the Coordinated Data Analysis Workshop (CDAW) 6 events. The disturbance in the magnetic field variations is observed on a planetary scale, and its pattern does not correspond to that of the regular field variations related to the undisturbed atmospheric dynamo.
INTRODUCTION
Up to the end of the 1950s the only data available to investigate the ionized environment of the Earth were recordings of the transient variations of the Earth's magnetic field made at ground stations. The extensive study of these variations led many observers to postulate the existence of external current systems in the Earth environment (SR and Sq currents, ring currents, tail currents, magnetopause currents, DP 2 currents, substorm currents, field-aligned currents, and auroral electrojets, etc.).
However, knowledge of the variations of the geomagnetic field at ground stations alone does not enable one to determine the three-dimensional distribution of these currents.
Nevertheless, by assuming a perfectly resistive atmosphere between the conductive solid Earth and ionosphere, it is possible to account for the observations in terms of the gradient of a scalar harmonic function. The upward continuation of this function up to the ionospheric conductive shell provides the geometry of the ionospheric equivalent currents. These currents are the only information which can be derived from ground-based stations alone, without further During the last two decades, in situ measurements made by spacecraft (satellites, rockets, balloons) or radar provided direct information about the physics of the Earth's environment. Large advances in Earth electrodynamic studies became possible with these new in situ data sets (see Kamide [1988] for a review of these results), and we now have a more detailed and complete picture of the geometry of the electric fields and currents in the Earth's ionosphere and magnetosphere. In particular, it is now well established that the day-to-day variability of the magnetic daily variation is due mainly to the ionospheric currents induced by thermal convection in the upper atmosphere [e.g., Mayaud, 1982; Mazaudier, 19891. The goal of this paper is to analyze the magnetic field variations caused by the storm atmospheric wind dynamo. This dynamo process has been studied theoretically by Riclzniond and Matsushita [ 19751 and Blanc and Richniond [1980] . Mayaud [1982] was the first to interpret magnetic variations (the attenuation of the magnetic effects of the equatorial electrojet observed during quiet days after a magnetic storm) as a result of this dynamo action. Such magnetic perturbations can easily be seen only during selected days after storms when (1) the auroral activity is weak and (2) large storm winds are observed blowing in the low thermosphere [Mazaudier, 1985; Mazaudier et al., 19853 . These conditions have been verified for March 23, 1979, our selected case.
The chosen period, March 21-23, 1979, includes the sixth Coordinated Data Analysis Workshop (CDAW 6) event (March 22, 1979) . This event was extensively studied by CDAW 6, the primary goal of which "was to trace the flow of energy from the solar wind through the magnetosphere to its ultimate dissipation in the ionosphere" [McPherron and Manka, 1985, p. 11751 Table 1 for the location of the observatories). The magnetic storm related to the CDAW 6 events started on March 22, at 0826 UT. AU, AL, AE, and Dst variations are plotted at the bottom of the figure (O for local noon).
to direct penetration of magnetospheric convection electric field [Vasyliunas, 1970, 19731 . This interpretation was confirmed by Senior and Blanc [1987] using a semiempirical model.
In contrast, on March 23, although the auroral activity was weak (see Figure 1) ) large southward winds were observed above Saint-Santin [see Mazaiidier, 1985, Figure 81 . Such wind observations are interpreted as the signature of Hadley cell(s) between the pole and the equator, built up by the storm Joule dissipation at auroral zones [Reddy, 1974; Mazazrdier et al., 19851. Mazaudier et al. suggested that the electric field and current disturbances observed on March 23, 1979, were mainly due to the storm wind dynamo action.
Besides, Taïeb and Poinsard [1984] analyzed the variation of electron density in the E and F layers during the period March 20-25. They found a decrease in electron density on
March 23 only at altitudes above 250 km during the daytime.
The decrease is related to storm winds and electric disturbance.
In section 2 we recall some definitions concerning our study and the relation between ionospheric currents and the magnetic field. We describe and analyze the magnetic data set in section 3. We then derive from our observations some features of the disturbed ionospheric dynamo (section 4) and discuss them (section 5).
IONOSPHERIC CURRENTS AND GROUND MAGNETIC VARIATIONS
Ionospheric currents circulating in the E region account for most of the variations in the Earth's magnetic field. The relationship between these variables can be derived from Ampere's law. It was put forward by Chapman and Bartels [19401: 
where B is expressed in nanoteslas (nT) and J in amperes per kilometer. A corrective factorftakes ground current effects into account; it is usually taken equal to 0.6 [e.g., Kaniide arid Brekke, 19751.
The ionospheric current density J is related to ionospheric electric current and neutral winds through the ionospheric Ohm's law:
where c is the conductivity tensor, E the electric field, V, the neutral winds, and B the magnetic field.
During magnetic quiet periods the regular variations of ionospheric electrodynamic parameters (urj E,? V,,,, J,) are mainly due to the regular ionospheric 'dynamo. This dynamo arises from the coupling between several physical processes: absorption of the solar UV radiation, motion in the atmosphere, and collision processes between neutral atmosphere and ionized particles. At middle and low latitudes the ionospheric currents in the E region are mainly generated by the regular ionospheric dynamo. The corresponding variation in the magnetic field is the daily variation. It presents a significant day-to-day variability, which has been extensively described by Mayazid [1967] . The variation observed at a given station on a given day is called the S R , following Mayarid [1965a, b, 19821 ; the average of the SR over a month, a season, or a year is the well-known Sq.
Mid-latitude electric fields, neutral winds, electron density, and therefore electric currents can be changed during and after active magnetic periods. These disturbances result from the direct coupling with the magnetospheric electric field in auroral zones. They extend on a planetary scale through two processes: the penetration of the convection electric field on the one hand and the ionospheric disturbance dynamo on the other.
During magnetic quiet periods following a storm the only disturbance effects remaining are those associated with the ionospheric dynamo. The disturbance primarily affects neutral winds and electrical fields, which in turn act on the ionization. The total ionospheric electric current, Jt, can be expressed as (1) where Au2 AE, and AV,, are disturbances of the electrodynamic parameters due to storm effects. The codes are those of the International Association of Geomagnetism and Aeronomy.
On March 23, 1979, the auroral activity was weak. One can then neglect the penetration of magnetospheric electric field. Besides, the large southward disturbed winds observed at Saint-Santin [Mazaudier, 19851 may indicate the presence of an ionospheric disturbance dynamo process. However, Taïeb and Poinsard [1984] showed that the electron density changes only above 250 km. The electric currents are mainly below 200 km. We can therefore neglect Amin equation (1). 3. THE MAGNETIC DATA It has been shown that at subauroral latitudes the solar regular variation (SR j can be described to within an accuracy better than 1 nT using the fundamental 24-hour mode and its first four harmonics [e.g., Menvielle et al., 19871 . The same result clearly holds at all latitudes, and the SR day-to-day variability can therefore be investigated on a planetary scale using hourly mean values published in the yearbooks of magnetic observatories.
The data used in this study are the hourly mean values of the horizontal components of the geomagnetic field observed at a network of observatories given in Table 1 . At almost all stations the published values correspond to the magnetic north and east horizontal components of the magnetic field. In order to avoid the bias related to the variation of the magnetic declination from one station to the other, we Table 1 Table 2 gives also the values of hourly Dst, AE, and 3-hourly am indices during these three days (see Mayalid [1980] for a description of these indices).
There is almost no magnetospheric activity during the UT March 21 day: the daily index Am value is 9 nT ( (Figures 1 and 2 ). This UT day is therefore a very quiet day, and the observed transient variations are those of the SR variation generated by atmospheric tidal motions.
On March 22, at 0826 UT, a magnetic storm started which lasted about 10 hours. Its onset corresponds to a positive variation in Dst, followed some hours later by a sharp increase in A U and AL intensity. The morphology of the associated irregular activity depends on univ$rsal time whereas that of the SR depends on local time [Mayaud, 19671 ( Figure 2 ). The intense auroral activity stops at about 18 UT.
The 3-hour am indices are of the order of 100-120 nT during the storm and then decrease to 20-40 nT on March 22
(evening) and March 23; Dst recovers a constant level at the beginning of the UT March 23 day, but this level is 35 nT lower than that observed on March 21. This magnetic storm is followed by a fairly quiet magnetic situation, with weak auroral activity. On March 23, variations in Dst remain smaller than 25 nT (Figures 1 and 2) , and the daily Am index is 19 nT ( Table 2a) .
As expected, Dst variations are present in the variations of the X component but not in those of the Y component (Figures 1 and 2) . In order to cancel out these ring current origin variations, we computed at each observatory the differences X -Dst cos L , where L is the geomagnetic dipole latitude of the station (Figure 3 ). The variations of these differences result from both SR and auroral origin activity, as do those of the Y component. Since the auroral activity is weak on March 21 and 23, X -Dst cos L and Y variations can be used to study the SR variability between these two days. 
3:2. The Magnetic Effect of the Ionospheric Irregular Dynamo
The SR day-to-day variability is related to both the dayto-day variability of the regular ionospheric dynamo and the thermospheric winds resulting from Joule heating at auroral latitudes during magnetospheric storms (the irregular dynamo [e.g., Blanc and Richmond, 1980; Mazaudier, 19891) . It is related to the day-to-day variability of winds, electric fields, and conductivity (see equation (1)). Averaging the SR variations observed during the quiet magnetic days in a given time interval leads to the Sq variation, which corresponds to the mean regular dynamo. The difference SR -Sq is then related to both regular and irregular dynamo, and it cannot be used to characterize the magnetic effects of the îono-spheric irregular dynamo.
Besides, the day before and the day after the March 22 magnetospheric storm are quiet magnetic days, for which the SR variation is well defined (see section 3.1 and Figure 1) . The difference ASR between the SR variations observed before and after the storm would characterize the irregular dynamo provided the contribution of the regular dynamo in the day-to-day Variability of the SR remains negligible in comparison with that of the irregular dynamo during these three days.
The day-to-day variability in the neutral winds associated with the regular dynamo has been extensively studied by Bernard [1978] , who showed that it may be as large as their seasonal variability. Very few quantitative results are available about the related magnetic effects. However, morphological considerations clearly show that (1) they do not significantly affect the geometrical pattern of the SR variation and (2) they remain in general significantly smaller than the effects of the seasonal variability. In contrast, the magnetic variations related to the irregular dynamo may be as large as the seasonal variability in the SR and significantly modify its geometrical pattern [Mayaud, 1965a, b, 19821. The difference ASR therefore enables one to characterize the magnetic effects of the irregular dynamo; such a morphological analysis would help us to discuss its origin. Figures 4 and 5 show the variations of these differences computed for the observatories of the meridian and tropical chains, respectively. The ionospheric conductivity vanishes during the night, as does the transient magnetic field associated with the neutral winds. Therefore the study of these differences does not enable us to characterize the neutral winds which may exist during the night, and the night level corresponds to the zero level for the ASR differences. In practice, we define at each station the zero level as the average of the ASR hourly mean values corresponding to the hours between 22 and 02 LT during the nights before and after the day under study, for which the hourly AE index remains smaller than 150 nT.
Figures 4 and 5 show significant variations in ASR for both X and Y components. The morphology of these variations is different from that of the SR on March 21 and 23 (see Figures  1-3) , thus indicating the presence on March 23 of magnetic effects related to the disturbed ionospheric dynamo, on a planetary scale. These effects are dependent on both LT and UT, as expected for effects resulting from a perturbation in the thermal wind circulation resulting from heating in the auroral zone during the storm. They are particularly intense at equatorial stations (e.g., BNG, AAE, KOD, and TRD; see A, ' Figure 5 ), where they were first pointed out by Mazaudier arid Venkateswaran [ 19901. 
THE DISTURBED IONOSPHERIC DYNAMO
With the assumption of currents flowing in a spherical conductive ionospheric shell, the horizontal magnetic perturbation vectors are perpendicular to the current lines and linearly related to the integrated intensity J [e.g., Chapntan and Bartels, 1940; Kamide, 19881. We have thus established maps of the perturbation A J in the equivalent ionospheric currents, corresponding to the observed perturbation AS, in the solar regular variation. These A J currents correspond to the ionospheric current disturbances due to the storm wind dynamo action.
In order to describe the disturbed ionospheric dynamo on a planetary scale, we have produced maps of the A J perturbation observed during a given UT interval at all the observatories of the network described in Table 1 . These maps show that the A J currents are organized on a planetary scale, but with a geometry which evolves with time. Significant A J currents may have existed over the Pacific Ocean just after the storm, late in the March 22 UT evening and early in the March 23 UT morning (e.g., PPT and HON; see Figure 5 ). However, since most of the stations were on the nightside at that time, we have no information about the geometry of these currents. Figure 6 shows the AJ currents at 06 and 07 UT in the morning on March 23. During this period the A J currents are mainly zonal, positive eastward. In the southern hemisphere there is some evidence for the existence of a counterclockwise vortex of currents centered around local noon. This vortex, which extends far to the north of the dip equator, seems to deflect the main zonal flow of currents. The main features of the AJ geometry remain the same during 2-3 hours, but the focus of the vortex drifts toward the afternoon in local time. Figure 7 shows the AJ currents at 11 and 12 UT on March 23. There is no longer evidence for a zonal current flow. Instead, a clockwise vortex of currents is centered on local noon in the northern hemisphere, and it appears that a counterclockwise one is centered on the afternoon sector in the southern hemisphere. The northern vortex extends far t o the south of the dip equator. Furthermore, there seems to be some connection between the two vortices.
In the UT afternoon, at 15 and 16 UT (Figure 8) , the currents are less intense, and their pattern suggests the existence of structures of smaller scale than before, without clear organization.
Thus perturbations related to the irregular dynamo remain significant during at least 15 hours. During about 10 hours after the storm the current flow remains organized on a planetary scale, with a predominant zonal component. Then the scale of the current structures decreases, and vortices of smaller and smaller size appear. Finally, it is worth noticing that at any time, A J currents flow across the dip equator and that in some cases, north-south A J currents, corresponding to east-west AS, field, are observed at equatorial stations (e.g., BNG at 08 and 13 UT; see Figure 5 ).
DISCUSSION
We have considered in this paper the case of a storm occurring between two days of magnetic quiet. Eliminating the Dst variations and computing the difference between the SR of the day after and that of the day before the storm enables us to depict the global pattern of the magnetic effects of the disturbed ionospheric dynamo resulting from that storm. Our analysis shows that they correspond, at mid latitudes, to electric current flows reversed from those responsible for the solar regular variation ("anti-S," current cells) and, at equatorial latitudes, to westward current flows inducing "counterelectrojet" effects [Gouin and Mayaud, 1967; Fambitakoye and Mayaud, 19761 at ground stations. Furthermore, invasions of one hemisphere by the opposite hemisphere current system are observed, with related strong meridian flow across the equator.
All these features can be interpreted together, as recently shown by Stening [1989] , who pointed out similar features on particular quiet days and interpreted them in terms of S(2, 3) atmospheric tide effects. On the other hand, one numerical simulation provided evidence that "anti-S, '' cells may result at mid latitudes from disturbed ionospheric dynamo process [Blanc and Richmond, 19801 . However, this numerical simulation assumed the complete closing of the currents through an equatorial electrojet a priori located between 10"N and 10"s in latitude, and therefore it could not account for some of the observed features, such as current flows across the dip equator.
The three-dimensional University College London model studies show that geomagnetic data and results from in situ measurements (radar, satellite, etc.) complement one another well. They also suggest that the magnetic observations IKde at permanent &~ervatories Over about 100 years are a valuable data set to aid the study of these processes.
